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ABSTRACT 
As a part of an interdisciplinary program to study the mechanism(s) 
for environment enhanced fatigue crack growth (corrosion fatigue) in high 
strength steels, subcritical-crack growth experiments were carried out 
on AISI ^3^0 steel (tempered at 205 C) in water and water vapor.  Sus- 
tained load tests were performed to establish the apparent threshold 
stress intensity factor (KT   ) for crack growth in these environments. Iscc 
Fatigue experiments were carried out to investigate the influences of 
loading variables on crack growth in water vapor at K levels below the 
apparent K Iscc # 
Sustained-load test results show that, in water, the apparent K. 
l/2 3/2 is equal to approximately lk  ksi-in   (l5-*+ MW/m  ) and is nearly 
Iscc 
independent of test temperature (from 10 to 90 C).  Crack growth was 
essentially continuous on a macroscopic scale.  In water vapor (ranging 
from 0.5 to 5 torr), on the other hand, crack growth was observed only 
1/2        3/2 
at K levels above 50 ksi-in   (55 MN/m   ).  Crack growth occurred in 
jumps, interspersed with periods of creep-like slow growth. At water 
vapor pressures above 8 torr, the crack growth behavior became similar to 
that observed in water, suggesting the occurrence of capillary condensa- 
tion at the crack tip. 
Fatigue crack growth experiments were carried out at AK of 13 
kst-in1/2 (111.3 MW/m3/2) and 18 ksi-in1'2 (19-8 MN/m3/2), and a stress 
ratio of 0.1, in both dehumidified argon and in water vapor at k.h  torr. 
The maximum K levels in fatigue are well below the apparent K    in 
IbCL 
water vapor.  The results show that the rates for fatigue crack growth 
-1- 
in argon were independent of frequency and loading profile (waveform). 
In h.k  torr of water vapor, the rates of fatigue crack growth were 
increased by a factor of 1.5 to 10 over that obtained in argon.  This 
environmental effect was frequency-dependent over the range of frequen- 
cies (0.5 to 5-0 Hz) investigated, with a maxima at about 1.0 Hz.  The 
effect was larger at room temperature than at 56 C.  No influence of 
cyclic loading profile (waveform) could be ascertained. 
It is suggested that hydrogen is the damaging specie in water vapor. 
The influence of the loading and environmental parameters is believed to 
be the result of competition between the several processes that are 
responsible for environment enhanced crack growth — creation of new 
surface, adsorption, chemisorption, desorption, diffusion and embrittle- 
ment reaction.  The possibility of capillary condensation is also con- 
sidered. 
-2- 
I.  INTRODUCTION AND REVIEW 
A.  Introduction 
With many materials and under a wide variety of experimental con- 
ditions, stable propagation of a crack may occur when the stress inten- 
sity factor is only a small fraction of the fracture toughness.  If we 
neglect the creep phenomenon, one (or both) of the two following condi- 
tions is required for stable crack growth to occur:  (l) the applied 
load is not constant (fatigue), and (2) the environment is "aggres- 
sive" [1]. 
In the latter case, numerous experimental results lead to the con- 
clusion that, for a given material-atmosphere system, there exists a 
value of the stress intensity factor ("apparent threshold for stress 
corrosion cracking," K.^   ) below which no crack growth is detected 
-LSCC 
under sustained loading. 
In the case of combined aggressive environment and cyclic loading, a 
model has been proposed by Wei and Landes [2],  The rate of crack 
Aa growth, (T^T) » is then considered to be the sum of two components:  one 
representing the rate of fatigue crack growth in an inert reference 
atmosphere (T^T) .   . ; the other is an environmental component, computed 
by integration of the rate of sustained-load crack growth (77"),  in the dtv 
aggressive environment. 
If the cyclic stress intensity factor remains below the apparent 
threshold K   , the second component is considered to be zero.  Then, 
the overall crack growth rate is the same as in the inert atmosphere. 
In other words, this superposition model requires that, as long as the 
stress intensity factor K remains below KLj.   , the fatigue crack 
-3- 
growth is not enhanced "by an aggressive environment.  However, experi- 
mental evidences show that this conclusion is not always true and that 
a synergistic effect of cyclic loading and environmental attack must be 
considered for some system [3,^,5]. 
The main purpose of this study is to gather information about this 
effect.  The following three areas were considered: (l) determination 
of the apparent threshold stress intensity factor for stress corrosion 
cracking (K   ); (2) study of fatigue crack growth in an inert 
reference environment; and (3) study of fatigue crack growth in the 
aggressive environment when the stress intensity factor remains below 
K_   .  The surface interaction between the environment and the material Iscc 
is being studied in a companion investigation using Auger electron 
spectroscopy.  Because of its practical Importance and of the available 
background information, AISI ij-3^0 steel in water vapor was the system 
chosen for this study. 
Although nothing has been reported concerning AISI U3^0 steel in 
water vapor, results obtained on some other systems could be of 
interest.  These results are summarized in the next paragraphs. 
B.  Stress Corrosion Cracking in Water 
The effect of liquid water on subcritical crack growth in the AISI 
U3U0 steel has been well studied [3,6,7]-  The results of these studies 
can be summarized as follows: 
• Stable crack growth occurs only above a threshold K-level (KT   ). B J Iscc 
• The growth rates show a strong K-dependence at lower values of 
the stress intensity factor K("Stage I") and attain constant, 
rate limiting values at higher K-level ("Stage II"). 
-4- 
• Crack growth is thermally activated and the activation energy 
depends on the stress intensity factor. 
• At the K-level corresponding to Stage II, the activation energy 
is about 8.0 + 1.0 kcal/mole (33-5 ± ^.2 kJ/mole). 
C. Stress Corrosion Cracking in Water Vapor 
No results are available for the AISI U3U0 steel in water vapor. 
Another high strength steel (H-ll) has "been studied in water vapor [8] 
with the following results: 
• There is an apparent stress corrosion cracking threshold K_ r
* Iscc 
• The apparent threshold increases as the relative humidity 
decreases. 
• Apparent threshold and crack growth rates are identical in liquid 
water and in relative humidity above 60 percent.  This suggests 
that, at these humidity levels, capillary condensation occurs at 
the crack tip. 
• In absence of condensation, crack growth rates decrease when 
temperature increases. 
• As little as 0.6 percent oxygen is sufficient to prevent initia- 
tion of a subcritical crack or to stop an already-propagating 
crack (formation of a protective oxide layer could be responsible), 
D. Stress Corrosion Cracking in Hydrogen and Hydrogen Sulfide 
The AISI I13U0 steel has been studied in hydrogen and hydrogen sul- 
fide [9]-  In'hydrogen, results are as follows: 
• There is an apparent stress corrosion cracking threshold K 
• This threshold increases with increasing temperature (above 
room temperature). 
-5- 
• Crack growth rate decreases with increasing temperature. 
• The threshold decreases and the growth rate increases with 
increasing pressure. 
In hydrogen sulfide: 
• There is an apparent threshold IC. 
• Temperature apparently has no effect on the crack growth rate. 
• Gas pressure has no effect on the room temperature threshold 
or on the crack growth rate. 
E.  Corrosion Fatigue in Water 
1. Ahove KT Iscc 
For the AISI !+3^0 steel in water, the influence of frequency, 
stress ratio and cyclic load wave form corresponds to what is predicted 
by the Wei-Landes superposition model [3] (provided steady-state crack 
growth data are used). 
• The frequency affects the crack growth rate; the latter is 
higher at 0.5 Hz than at 5 Hz. 
• The fatigue crack growth is more enhanced "by water with a 
square loading profile than with a sinusoidal or triangular 
one. 
2. Below KT Iscc 
For AISI 1+3^0 steel in water, environmental acceleration of the 
fatigue crack growth does occur when K remains below K    [3].  How- 
...... xscc 
ever, for this system, no results are available concerning the magnitude 
of this effect and the influence of loading and environmental variables. 
Such study has been completed for 12 Ni-5Cr-3Mo steel in salt 
water [h].     The main results were: 
-6- 
• The environmental effect decreases at higher frequencies. 
• The environmental effect occurs only during the increasing 
load period of each cycle. 
• Crack growth rates under sinusoidal, triangular or positive- 
sawtooth load are similar and are higher than that for 
square or negative-sawtooth load. 
-7- 
II.     EXPERIMENTAL PROCEDURE 
A. Material 
AISI U3^0, a widely used high strength steel, was chosen for this 
study.  A 3A-inch-thick plate from a laboratory vacuum induction 
melted AISI U3^0 steel was obtained.  The chemical composition for this 
steel is given in Table 1.  This plate was hot-rolled straightaway to 
lA-inch thickness, cut into 2-inch by 6-inch specimen blanks, and 
heat treated.  Heat treatment and mechanical properties are given in 
Tables 2 and 3.  Modified double cantilever beam (MDCB) and wedge 
opening load (WOL) specimens (see Figures 1 and 2) were prepared fol- 
lowing heat treatment. 
B. Specimen 
Two different kinds of specimens were used:  the modified double 
cantilever beam (MDCB) and the wedge opening load (WOL) specimen.  The 
MDCB specimen was used for most of the work; the WOL specimen was used 
1/2 in a few tests, especially at high loads (above K = Uo ksi-in  ) 
3/2 (kh  MN/m  ) or at high frequencies (above 5 Hz)-  (See paragraph 
II-B-1). 
1.  MDCB Specimen 
a.  Description 
The double cantilever beam specimen (DCB) has been originally 
described by Ripling et al. [10] and Mostovoy et al. [ll].  Using a 
boundary collocation method, Gross and Srawley [12] determined the 
stress intensity factors for different specimen geometries..  The pre- 
sent geometry was chosen such that, under constant loading, the stress 
intensity factor remains nearly constant when the crack propagates [13]. 
-3- 
The sample geometry is shown in Figure 1. The specifications related to 
the side-groove (angle, depth, radius of the bottom) have been chosen so 
as to maximize the chance that the crack runs in the desired plane [13] • 
However, the MDCB proves to be inadequate in two particular cases: 
(l) high frequency tests, and (2) high stress intensity corrosion tests. 
In the first case, the reason is that the testing machine cannot cope 
with the fast displacement of the loading points.  Indeed, due to the 
length of the arms, this displacement is much larger than in most of 
the other types of specimens (WOL, center cracked panel, etc.).  As a 
result, for given crack length, wave form and AK, there is a maximum 
practical frequency.  A less compliant specimen is required to explore 
higher frequencies.  In the second case, although no theoretical reason 
could be suggested, the experience shows that in water and water vapor, 
when the stress intensity factor is above an approximate value of K = 
l/2        3/2 
50 ksi-in   (55 MTT/:n  )  the crack has a definite  tendency to run 
out of the groove.  In both cases, a WOL specimen was used (see para- 
graph II-B-2). 
b.  Load Stress Intensity Factor Relation 
When the crack is submitted to an infinitesimal extension 
da upon application of a force P, the strain energy released per unit 
thickness G is given by [lU]: 
0       2B   vday 
n 
B = net specimen thickness 
n       
r 
P = applied load „ 
a = crack length 
C = compliance (loading point displacement/applied load) 
-9- 
of the specimen when the crack length is a. 
The stress intensity factor K is related to the strain energy- 
released by the following equation, assuming a generalized plane stress 
state [15]: 
K = [C|E]1/2 (1) 
E:  Young's modulus 
Then, K can "be written as: 
K =  P  rEB dC,172 
(BB )1/2   2 da 
K =     P  rEB  dC  -,1/2 
or
 (BB )l/2Wl/2   2 d(a/W)J (2) 
W = specimen width 
B = specimen thickness 
(B and B are the only geometrical parameters that can vary in a sig- 
nificant way from specimen to specimen). 
For the stress intensity factor K to be, as expected, independent of 
dC the crack length, this relation (Eq. 2) shows that the quantity B — 
' 0.3, 
must be a constant.  In other words, the relationship between compliance 
dC 
and crack length must be linear.  The quantity B — was determined by da 
performing compliance tests on three calibration specimens, 
c.  Compliance Tests and K Calibration 
The compliance tests were done concurrently with the electrical 
potential calibration (see paragraph II-D-2).  Besides being a necessary 
step in the K calibration, these tests also provided an alternative way 
of evaluating the crack length in any subsequent study by simply carrying 
out a compliance measurement.  The tests were performed by applying and 
-10- 
removing five times a 100 lb. load in about 3 min. The displacement vas 
measured with a linearly variable differential transformer (LVDT). 
Each compliance value is the average of the five measurements.  Results 
are shown in Figure 3.* It can be seen that, as expected, the relation- 
ship between compliance and crack length is fairly linear from the 
initial notch length of 1.5 in. (3.8l cm) to about 3-5 in. (8.9 cm). 
The scattering may be judged quite important, particularly in the last 
inch; but it can be shown statistically that the deviations from the 
straight line are randomly distributed.  This fact can be inferred from 
the value of the statistical parameter in the first order polynomial 
regression used to compute the coefficients of the relationship 
between a and C.  In the 1.5-3-5 in. range, the correlation coefficient 
is found to be typically better than O.98 and the standard error of the 
slope remains below 5%.     If the crack length is restricted to the 1.5- 
2.5 in. range (3-8-6.3 cm), the correlation coefficient is better than 
0.99 and the standard error of the slope is below 3%.     On these grounds, 
it was decided in subsequent experiments to choose a useful range of 
1 in. (2.5 cm).  In other words, in all tests, the crack was grown from 
the initial notch length of 1.5 in. (3.8 cm) to a length of 2.5 in. 
(6.3 cm).  The specimens were then broken for purpose of examination. 
dC After testing three specimens, the quantity B — was found to be da 
equal to 0.168 x 10~ in/lb (9-59 x 10~ cm/N).  Substitution into 
Equation 2, and knowing that E = 29 x 10 psi, leads to—the following 
relation between the stress intensity factor and the applied load (P): 
K =  3U.9 P_ 
(BB )l/2 W1/2 (3) 
n 
*The fact that the curves, although parallel, do not superimpose, is 
discussed in Appendix B. 
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This compares well vith a relation established by means of numerical 
analysis [13]: 
K = -J^  
(BB )1/2 W1'2 (1*> 
n 
The value is within 2%  of the experimental calibration (Equation 3). 
The experimental calibration is also in good agreement with an analysis 
using finite elements method (see Appendix B).  The finite elements 
analysis leads to the following K-load relation: 
35.0 P K = 
(BB )1/2 W172 (5) 
n 
This is within 0.5% of the experimental calibration. 
2.  WOL Specimen 
The wedge opening load specimen was used in high frequency 
fatigue tests and in sustained load tests at high loads for the reasons 
stated in paragraph II-B-1.  The geometry of this specimen is shown in 
Figure 2.  The notch was introduced by electrospark discharge machining 
(EDM) and subsequently precracked by cyclic loading to a length of 
about 0.1 in. (0.25 cm) from the notch tip. 
The stress intensity factor expression for the WOL specimen is given 
by Equation 6 and is accurate over the range 0.3 < — < 0.75 to + 1% [l6] 
—
 to  —        — 
K = mode I stress intensity factor 
P = applied load 
B = specimen thickness 
W = specimen width 
H = specimen height 
-12- 
a = crack length measured from the load line 
For H/W = 0.U86: 
Y(|) = 30.96 - 195.8 (|) + 730.6 (|)2 - 1186.3 (f)3 + 75^.6 (|)U 
As for the MDCB specimen, an experimental calibration was used for the 
crack length monitoring system. 
C. Testing Machine 
The load was applied through an MTS closed-loop electrohydraulic 
testing machine, with an accuracy of better than + 1%. 
For the fatigue tests, this same machine provided cyclic load fluctua- 
tions in the form of a sinusoidal wave, a square wave, a positive saw- 
tooth wave and a negative sawtooth wave (see Figure h).     The form of 
these loading profiles will now be referred to as "wave form".  In the 
last three cases, the theoretically instantaneous rise or fall of the 
load was completed in less than 10% of the cycle period.  The frequency 
range was limited due to the inability of the machine to follow large 
displacements at high frequency, the critical parameter being the crack 
length.  By using the MDCB and the WOL specimens, a range of 0.1 Hz to 
10 Hz was covered. 
D. Crack Measuring System 
In most cases, the electrical-potential method has been used to 
monitor the crack length.  (For a few particular tests, the displace- 
ment method was chosen — see paragraph II-B-1). 
1.  Electrical Potential Method 
A constant DC current is sent in the specimen through spot- 
welded copper leads (see Figures 1 & 2).  The resulting electrical 
-13- 
potential is measured "between two points, one "below and the other above 
the notch.  As the crack grows, the measured potential increases 
regularly. 
The circuitry shown in Figure 6 was used to provide a constant input 
current of about 2A and to continuously record the potential to a pre- 
cision of + 0.2 uV.  Since there is no available analytical relationship 
between electrical potential and crack length for the MDCB and WOL 
specimens, experimental calibration curves were required.  For the WOL, 
results by R. Gangloff [17] and shorting correction procedure by 
Landes [7,17] were used.  For the MDCB, calibration experiments were 
especially performed as explained next. 
2.  Calibration Procedure 
Special testing was required to establish a relation between 
crack length and electrical potential since no analytical solution is 
available.  The crack was extended by cyclic loading and the potential 
was recorded.  At regular intervals, compliance tests were performed 
(see paragraph II-B-l) and the specimen was removed.  Then the crack 
length was measured using dye penetrant (direct visual measurement can- 
not be done with accuracy because of the groove).  After growing the 
crack through the useful range, the specimen was broken.  Then a direct 
measurement of what the crack length was just before breaking was used 
to check the validity of the dye penetrant method.  To account for 
crack tunneling, the "actual" crack length measured at this point was 
2a + b + c taken equal to the quantity  \  where a, b and c are the dis- 
tances from the loading line to respectively the points A, B and C as 
shown in Figure 5-  In all three calibration experiments, the dye 
-14- 
penetrant technique led to a crack length which was about 0.05 in. 
longer than the actual length.  The reproducibility of these results 
implies that it was probably a systematic error.  Indeed, such an error 
was expected because the red liquid tended to diffuse through the white 
coating in a direction normal to the specimen surface as well as paral- 
lel to it.  (Because of the groove, the coating thickness is not negli- 
gible).  Therefore, an appropriate correction was applied on every 
measurement.  It must be noted, however, that this constant subtractive 
correction does not play any role in the measurement of crack growth 
rates since increments an ' not actual vslues of crack length are of 
interest. 
The potential results were normalized: 
V 
v* - measured _ _V_ 
V  .     ~ v 
reference   R 
This normalization was done to eliminate the influence of (l) change 
in chemical composition, microstructure and thickness from one specimen 
to another; and (2) differing values of input current.  The reference 
potential V^ was measured at the beginning, after a very short pre- 
cracking to insure the existence of a sufficiently sharp crack tip [18]. 
3.  Calibration Results 
Three specimens were tested according to procedure described in 
the previous paragraph.  Two were tested in air and one in dry argon, 
all with consistent results. 
A plot of the normalized potential V* versus the crack length a 
was used as the calibration curve (Figure 7).  An analytical relation 
between a and V* was obtained by fitting a second degree polynomial to 
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the data by a least squares technique: 
a = 1.0666 V*2 + 0.2722 V* + 0.17^7 
where  a = crack length (measured in inch from the loading line) 
V 
V* = normalized potential = — 
R 
V = measured potential 
V    =  reference potential 
K 
E.  Environmental Control 
An aluminum chamber (shown in Figures 8 to 11) was attached with 
bolts to the specimen.  Sealing was ensured by silicone O-rings seated 
on both faces of the specimen and within the notch.  The environment 
was supplied and controlled by the system shown in Figures 12 and 13- 
1.  Inert Environment 
Argon was chosen to be the inert reference environment.  Ultra 
high purity argon was further dehumidified by passing through a Matheson 
model h60  gas purifier and two cold traps maintained at approximately 
-150°C (Figure 12).  After flowing through the test chamber, the gas 
was admitted into a Cambridge Model 992 hygrometer with thermoelectric 
dew point sensor.  There, the water vapor content could be determined 
(typically, less than 30 ppm).  Then, the gas was released through a 
silicone oil trap to prevent contamination by back diffusion. 
Before each test, the entire environment control system was thor- 
oughly purged.  All gas lines and the specimen-chamber assembly were 
heated to about 110°C for two hours, and were purged simultaneously with 
U.H.P. argon.  The Matheson gas purifier was heated to l60°C to eliminate 
moisture adsorbed on the zeolite.  While baking of the gas lines and 
chamber continued, the gas purifier was cooled to room temperature. 
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Then, the system was evacuated by a mechanical pump (with cold trap) 
and filled again with U.H.P. argon during the final hour of bake-out. 
After it was cooled to room temperature, argon was allowed to flow 
through for at least one hour prior to the start of testing. 
2.  Water Vapor Environment 
Water vapor was one of the aggressive environments used in this 
study.  This environment was obtained by humidifying a stream of inert 
gas (ultra-high purity argon) (Figure 13).  A partial pressure for 
water vapor of about 5 torr was used.  By using an inert "carrier" gas, 
a positive pressure — typically 1000 torr (about 5 psig) — may be 
maintained inside the environment system, and thereby reducing the pro- 
bability of contamination from the outside.  Humidification was 
'accomplished by passing the inert carrier gas (UHP argon) through a 
"humidifier" located just upstream of the test chamber*.  This 
"humidifier" was of the "temperature-controlled bath type" and can be 
described as follows.** 
Two gas-washing bottles half-filled with distilled water were placed 
in a temperature-controlled bath.  Flowing successively through these 
two bottles at a reasonable rate, the argon was saturated with water 
vapor.  The partial pressure of water vapor was determined only by the 
* For this case, the cold traps were removed from the gas train (see 
Figure 13). 
** Another humidification procedure was attempted.  It was based on the 
fact that a saturated aqueous solution of selected salts in contact 
with an excess of solid phase at given temperature will maintain a 
constant humidity within any enclosed space around it [19].  However, 
the appropriate products were experimentally difficult to use because 
of their great instability.  Therefore, the "temperature-controlled 
bath" method was favored. 
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temperature of the bath.  (The presence of the argon has no influence 
[20]).  By varying this temperature (up to the test temperature), the 
argon could be charged with any amount of moisture (up to the saturation 
vapor pressure corresponding to the test temperature).  A water vapor 
pressure of about k.h  torr was easily obtained by maintaining the bath 
at 0°C (ice and water).  At the outlet of the test chamber, the 
humidity was continuously checked with a dew point hygrometer.  With 
the ice and water bath, the measured dew point was found to stay between 
0°C and -1°C, corresponding to ^.58 and h.26  torr, respectively.  By 
following this procedure, water vapor pressure was maintained to within 
+ h%  of the desired value. 
For tests in humidified argon, the initial bake-out and purging pro- 
cedure did not have to be as rigorous as in dry argon because of the 
relatively high water vapor pressure (approximately 5 torr) used in 
these tests.  Purging was nevertheless carried out to ensure that no 
condensed water was left in the gas lines or chamber and to remove 
oxygen from the environment system. 
3.  Liquid Water Environment 
For the liquid water tests, a different testing machine was 
used, the loading line of which was horizontal. On this machine, the 
axis of the specimen (i.e., the crack line) was vertical.  This allowed 
the specimen to be immersed up to above the notch tip in a glass container 
filled with triple distilled water.  The bulk of the specimen was 
coated with a waterproof lacquer to prevent corrosion outside the region 
of interest.  Nitrogen was bubbled through the water during all of the 
experiments to agitate and deoxygenate the bath. 
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h.     Temperature Control 
High temperature tests in water vapor were performed by sur- 
rounding the chamber with heating tapes.  Specimen temperature was con- 
tinuously monitored and recorded, using an iron-constantan thermocouple 
spot-welded on one face of the specimen at about 0.1 inch above the 
crack line.  Thermal fluctuations were reduced by wrapping the chamber 
with glass wool.  In a typical water vapor test, the thermal drift was 
kept to less than 0.5 C per hour.  The potential drift induced in the 
crack measuring system by this temperature change is equivalent to an 
apparent crack growth rate of about 10" 5 in/min (for a static test) 
(2.5 x 10~5 cm/min.). 
In the liquid water tests, heating tapes were also used.  The 
temperature of the bath was monitored with a glass thermometer.  Suf- 
ficient time was allowed prior to any test for the specimen to reach 
the bath temperature.  The temperature drift was again kept to less 
than 0.5°C per hour. 
More details of the temperature-induced errors will be given in 
Appendix A. 
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III.  DETERMINATION OF KIscc 
A. Introduction and Review 
As it has been explained in the introduction, the main purpose of 
this work is to study the influence of environment on the fatigue crack 
growth rate when the stress intensity factor remains "below the apparent 
threshold for stress corrosion cracking (KT   ).  Therefore, a good iscc 
knowledge of this threshold is necessary. 
The crack growth behavior of AISI U3U0 steel in liquid water has 
been described in several reports [6,7].  These reports provide some 
estimates of K   .  There is, however, a large discrepancy between 
these results; the apparent K    being reported as anywhere between 
10 and 20 ksi-in1/2 (ll and 22 MN/m3/2) [3,7,21].  This discrepancy 
probably results from the use of different crack measuring systems and 
threshold evaluation procedures, and from the inadequate recognition of 
the phenomena associated with nonsteady-state crack growth [22,23]. 
Basically, there are three ways to evaluate K   :  (l) the increasing 
K procedure, (2) the decreasing K procedure, and (3) the growth rate 
data extrapolation procedure.  The last two procedures were used for 
estimating K    in liquid water; and the first two for water vapor. 
The specific experiments will be described in the following sections. 
B. Stress Corrosion Cracking in Water 
Crack growth rates in water were determined for a range of K values 
(from 15 to 1+0 ksi-in   , or from 16.5 to UU MN/m  ) at different tem- 
peratures (0 C, 26 C, 50 C, 70 C and 90 C).  Each rate was measured 
only after the crack growth had reached steady state.  Results are 
shown in Figure lU and Table k.     The steady-state growth rate versus K 
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curves are similar to those found in the literature [Tl-  NO crack 
1/2 growth could be detected* for values of K "below l6 ksi-in   (lT-6 
MN/m  ), over periods of up to 6 hours.  Above this K value, the crack 
growth rate is at first strongly K-dependent (so-called "Stage I"). 
1/2        3/2 For K values above about 30 ksi-in   (33 MN/m  ), this K dependence 
becomes less and less important, and suggests that the stress intensity 
factor had approached the range of K value previously reported as 
"Stage II".  In that range, the crack growth rate is assumed to be 
independent of the stress intensity factor.  However, it can be seen 
on the curves that even at the highest K values studied, Stage II has 
not yet been fully reached.  At the lowest values of K where growth is 
1/2 
observed, the curves seem to be asymptotic to a line K = 15 ksi-in 
3/2 l/2 (l6.5 MN/m  ). This leads to an estimated value of 15 ksi-in   for 
the apparent K   .  KL^   appears to be essentially independent of 
test temperature in the range 0 C to 90 C (Figure lU). 
An alternate test was performed to determine IC.   .  In this test, 
an MDCB specimen was loaded by a wedge to an initial K value above the 
anticipated K   .  The specimen was then immersed in distilled water 
inside a closed container.  Nitrogen was continuously bubbled through 
the water.  The loading wedge was kept above water to preclude electro- 
chemical reaction with the sample.  With wedge loading (approximating 
fixed displacement), the stress intensity factor would decrease with 
crack prolongation and crack growth would stop when K reaches the 
l/2 3/2 
apparent threshold.  An initial K of about l6 ksi-in   (17-6 MN/m  ) 
* The lowest rate that could be measured is estimated to be 10 in/min 
(2.5 x 10-5 cm/min). 
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was used.  The test was terminated after UlO hours.  The actual final 
load was determined "by reloading the specimen in a testing machine 
until the wedge could be easily removed.  The crack had grown about 
0.3 in. (0.76 cm) during the test period.  The final stress intensity 
1/2        3/2 factor was found to be 13-5 ksi-in   (15 MN/m  ).  This value was 
taken to be a reasonable estimate of K_   , and is within 10% of the Iscc 
value obtained by extrapolation of the kinetics data. 
As previously said, K    value obtained with kinetics data does 
not seem to be affected by variation of the test temperature (from O^C 
to 90 C).  However, these same data show that the temperature has a 
strong influence on the crack growth rate above K    (Figure lU); 
that is, the higher the temperature, the faster the crack growth. 
Since the process of cracking seems to be thermally activated, the next 
step is to do an Arrhenius plot of the results (Figure 15) and evaluate 
the activation energy AH such that: 
AH 
da      ,  .     RT 
-r— = constant x e dt 
The activation energy seems to be K dependent.  It has a value of 
about 12 kcal/mole (50 kJ/mole) from K = 2U to K = 32 ksi-in '  (26.h 
3/2 to 35.2 MN/m  ).  This result is consistent  with results of previous 
studies in the K-range of 30-60 ksi-in1'2 (33-66 MT/m3/2) [7],  The 
activation energy of 12 kcal/mole should,not be used for comparison 
with the activation energy of mechanisms involving the environment 
(diffusion, permeation, adsorption, etc.) because this result is 
obtained for the K dependent stage of crack growth ("Stage I").  Indeed, 
such comparison is meaningful only if the growth rates are measured in 
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the K-range where they are independent of the mechanical driving force 
(i.e., when the crack growth is controlled by a rate-limiting process 
involving the environment). 
C.  Stress Corrosion Cracking in Water Vapor 
With the environmental system previously described, no environment 
assisted crack growth could be obtained under sustained loading in the 
MDCB specimen, at a water vapor pressure of h.k  torr and room tempera- 
l/2        3/2 ture, for K levels up to 60 ksi-in   (66  MN/m   )*.  To ensure that 
the "absence" of crack growth was not caused by contamination, a crack 
growth experiment was carried out inside the vacuum chamber of an Auger 
electron spectrometer.  Water vapor was introduced from a high purity 
water source attached to the chamber.  Since the water vapor was the 
only component of the environment, a simple pressure-measuring device 
(a capacitance manometer) could be used to monitor humidity.  Back- 
-9 ground pressure in the system was below 10  torr.  The specimen used 
was a 1-inch-wide (2.5U-cm-wide) mini-WOL specimen, loaded with a 
strain-gaged bolt in a specially designed fracture device [2^].  The 
specimen surface was marked with regularly spaced engraved lines along 
the expected crack path.  Crack growth was observed visually with a 
telescope through the window of the chamber and, at the same time, was 
"monitored" by recording load variations with time using the instru- 
mented bolt. 
Wo crack growth was observed at a water vapor pressure of 5 torr 
(at room temperature) until the stress intensity factor reached a value 
* The lowest rate that could be measured is estimated to be 10 
in./min (2.5 x 10" 5 cm/min). 
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1/2        3/2 
of at least 50 ksi-in   (55 MN/m  ).  The same result was obtained 
with water vapor pressure lower than 5 torr, down to 0.5 torr.  Above 
1/2        3/2 K = 50 ksi-in '  (55 MN/m ' ), the growth (from 0.5 to 5 torr) consisted 
of periods of very slow growth for a few minutes (which, at this K-level, 
could be controlled by localized creep [22,25]) interspersed by abrupt 
increments of growth of a fairly constant length (about 0.01 in. or 0.25 
mm).  When the water vapor pressure was increased to about 8 torr, the 
growth became very fast and nearly continuous on a macroscopic scale. 
This change in behavior strongly indicates that, at this humidity level 
(about Uo% R.H. at room temperature), capillary condensation occurred 
at the crack tip.  Capillary condensation will be discussed later. 
On the basis of these results, it can be safely assumed that the 
apparent threshold for stress corrosion cracking for this AISI U3U0 
1/2 
steel in water vapor at room temperature is around 50 ksi-in 
3/2 (55 MN/m  ).  This result is valid for any water vapor pressure, as 
long as there is no capillary condensation at the crack tip.  This con- 
clusion led to the choice of two stress intensity factor ranges for the 
fatigue tests:  AK = 13 ksi-in1'2 ' (lU. 3 MN/m3'2) with K   = 1U.-5 
max 
ksi-in1'2 (16 MN/m3'2); and AK = 18 ksi-in1'2 (19.8 MN/m3'2) with 
K   =20 ksi-in1'  (22 MN/m  ).  This choice ensures that, in the 
max 
fatigue tests, the stress intensity factor will remain well below the 
min 
apparent KT  .  In both cases, the ratio R = —  is the same: Iscc K^x 
R = 0.1. 
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IV.  FATIGUE IN INERT ENVIRONMENT 
To provide a "basis for comparison in studying the effect of an 
aggressive environment, fatigue crack growth data were obtained in an 
inert reference environment.  Fatigue crack growth rate data obtained 
from tests in dehumidified ultrahigh purity argon are shown in Table 5 
l/2 3/2 for AK = 13 ksi-in   (lU.3 MN/m  ), at different frequencies and wave 
forms and in Table 6 for AK = 18 ksi-in1'2 (19.2 MN/m3'2). 
1/2 A. AK = 13 ksi-in '   ; R = 0.1 
The data (Table 5) indicate that there is no noticeable influence 
of frequency or wave form on fatigue crack growth for this AK.  This 
observation is in agreement with results reported previously [3].  The 
mean value, which will be later used as the reference inert environment 
crack growth rate, is: 
Oinert = °"T3 X 10"6 ™-/**<**   ^ \^f 
cm/cycle; 
The standard deviation is 0.1 x 10  in./cycle.  The mean value is 
within the + 25%  interval of uncertainty of all the experimental 
results (see Appendix A).  Thus, one may conclude that frequency and 
wave form have essentially no influence on the fatigue crack growth 
rate in an inert environment at this AK level. 
1 /? 
B. AK = 18 ksi-in '   ; R = 0.1 
The same observations can be made on the results for AK = 18 ksi- 
l/2 3/2 in   (19-8 MN/m  ) (Table 6).  The mean value of growth rates was 
found to be 2.6 x 10  in./cycle, with a standard deviation of 0.3 x 
10  in./cycle.  Once again, this mean value falls in the + 25$ interval 
of uncertainty of all the experimental results.  Then, for AK = 
1/2 18 ksi-in   , the reference inert environment crack growth rate will be 
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taken to be independent of the loading frequency and wave form and to be: 
(TTT) .   , = 2.6 x 10~ in./cycle (6.6  x 10~ cm/cycle) 
-26- 
V.  FATIGUE IN WATER VAPOR BELOW KT Iscc 
A. General Observation 
Results at room temperature (2U C) are shown in Table 7 for AK = 
13 ksi-in1'2 and in Table 8 for AK = 18 ksi-in1/2.  Results for 56°C 
are shown in Table 9-  All these crack growth rates have been obtained 
in a humidified argon atmosphere at about 1,000 torr (h.6  psig), con- 
taining k.h ±  0.2 torr of water vapor. 
Comparisons of these results with those obtained in an inert environ- 
ment indicate that there is definitely an environmental effect at K 
levels below K   .  In other words, the rate of fatigue crack growth 
is enhanced by water vapor under conditions where no environment assisted 
cracking would be observed under static load.  The fatigue crack growth 
rate in the water vapor environment was found to be 1.5 to 10 times 
faster than that observed in the inert reference environment.  The dif- 
ferences in rates are obviously much greater than the estimated measure- 
ment uncertainty (see Appendix A), and thus, represent real environ- 
mental effects. 
The influence of the different parameters will be described 
separately. 
B. Influence of Frequency 
The cyclic loading frequency appears to have a significant effect 
on    fatigue crack growth in water vapor at K-levels below K 
At the higher (above 5 Hz) and the lower (below 0.5 Hz) frequencies, 
the environmental effect was minimal; the growth rates tended to 
approach the inert environment reference value.  Between these frequen- 
cies, the environmental effect tended to be large and reached a maximum 
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at a frequency close to 1 Hz. 
Figure l6 shows a plot of Aa/AN versus frequency, at AK = 13 ksi- 
1/2 3/2 in   (lU.3 MN/m  ) and room temperature, for the square and sinusoidal 
1/2 3/2 
wave forms.  Similar data for AK = 18 ksi-in   (19.8 MN/m  ) are shown 
in Figure 17-  It can be seen that the behavior at both AK levels is 
very similar with respect to frequency effect. 
At 56 C, the environmental effect is so small such that definitive 
assessment of frequency influence cannot be made. 
C.   Influence of Wave Form 
The form of the loading profile (or "wave form") appears to have 
little or no significant influence on the fatigue crack growth in U.1+ 
1/2 3/2 torr of water vapor.  At AK = 13 ksi-in   (lU.3 MN/m  ), at room tem- 
perature, the crack growth rate appears to be higher under a square wave 
loading cycle than under a sinusoidal one (Figure l6).  However, the lack 
of reproducibility in the square wave results is fairly important, sug- 
gesting some experimental difficulty.  This absence of reproducibility is 
shown in Figure 18 where individual results rather than average values 
are plotted.  At AK = 18 ksi-in1/2 (19.8 MN/m3/2), the difference between 
square and sinusoidal wave forms disappears completely (Figure IT)- 
Although only a few results were obtained, the positive and negative 
sawtooth wave forms seem to give results similar to those for sine wave. 
The negative sawtooth.appears to produce slightly slower rates.  These 
differences, however, are within the estimated uncertainty, and may not 
be meaningful. 
It should be noted that the observed difference in crack growth 
-28- 
1/2 
response between square and sinusoidal wave forms at AK = 13 ksi-in 
is opposite to the reported fatigue response below K    for steel in 
water and salt water [h].     This fact, coupled with the lack of repro- 
ducibility of some of the square wave results, suggests caution in dis- 
cussing wave form effect. 
An experimental observation which could have significance in terms 
of reproducibility is that during some of the square wave form tests, 
the electrical potential system response differed from that for the 
sinusoidal tests and for the other square wave tests.  The observed 
response indicated extensive electrical "shorting" across the fracture 
surfaces.  This is similar to the behavior observed at high relative 
humidity, when capillary condensation at the crack tip would likely 
occur.  The same behavior was also observed when mode II and Mode III 
were purposely introduced during fatigue loading.  These two possible 
sources of error will be discussed later. 
D.  Influence of Temperature 
Tests were performed at two different temperatures, 2U C and 56 C, 
1/2 for a water vapor pressure of U.U torr and AK of 13 ksi-in.    (ll+.3 
MN/m  ).  The results at 56 C presented in Table 9 show that the rate 
of fatigue crack growth in the given environment is slower at 56 C than 
at 2k  C.  Although only two temperatures have been studied, it appears 
likely that environmental effect decreases when the temperature is 
increased, in absence of condensation.  If condensation occurred at both 
temperatures, the environmental effect would probably increase when 
temperature increases since crack growth in liquid water has been shown 
thermally activated with an apparent activation energy of 8 to 9 kcal/mole 
(33.5 to 37.5 kJ/mole) [7]. 
-29- 
VI.  MECHANISMS OF SUBCRITICAL CRACK GROWTH IN WATER VAPOR 
A.   Introduction 
Very few attempts have been made to explain the damaging effect of 
water vapor on high strength steel.  Several theories, however, have 
been suggested to account for embrittlement in aqueous environments. 
These theories will be reviewed briefly because some of the concepts 
involved will be very useful in discussing the water vapor case. 
The various theories may be broadly grouped into the "electrochemical 
theory" and the "hydrogen embrittlement theory".* The "electrochemical 
theory" uses concept of corrosion and suggests that part of the metal is 
subject to anodic dissolution [26].  However, the presence of liquid 
water is essential for this theory to be applied.  The electrochemical 
concepts, therefore, will not be useful for explaining the behavior of 
steel in water vapor and will not be discussed further. 
The hydrogen embrittlement theory involves the interaction of hydro- 
gen (in the atomic or protonic form) with the metal lattice or the for- 
mation and fracture of metal hybrides,  The source of hydrogen may be 
electrochemical in nature; that is, hydrogen could be introduced into 
the material through corrosion near the crack tip.  As such, hydrogen 
embrittlement may underlie the electrochemical theory of embrittlement. 
Several mechanisms for hydrogen embrittlement have been proposed 
[27-29].  These mechanisms vary in acceptability and in rigor, and 
remain to be verified quantitatively. 
* The 'surface energy" theory is assumed to belong to the "hydrogen 
embrittlement" theory.  Indeed, the successive steps of the process 
as explained by the "surface energy" idea are similar to the initial 
steps required by the "hydrogen embrittlement" theory. 
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Available evidence suggests that some form of hydrogen embrittle- 
ment is responsible for the enhancement of crack growth by water in the 
high strength steels.  The first evidences of the particular role of 
hydrogen are the similarities in the phenomenological aspects of sub- 
critical crack growth in hydrogen and in water — existence of an 
da 
apparent threshold, shape of the curve — versus K, etc. . .  Further 
evidence arises from the comparison of reaction parameters in hydrogen 
and water [6,7,8,30].  Finally, it is known that water can supply hydro- 
gen to the steel provided that the surface is clean enough for the reac- 
tion to take place [31,32] fe.s it is undoubtedly the case with surfaces 
just created by the cracking process in the absence of contaminants). 
These facts lead to the recognition of hydrogen embrittlement as the 
damaging process for numerous alloy-aqueous environment systems, and 
particularly in the case of AISI 1+3^0 steel in water [7]. 
The successive steps of the embrittlement process by water may be 
generally described as follows: 
• metal-water reaction which produces hydrogen 
• entry of hydrogen into the near-surface region of the steel 
• diffusion of atomic hydrogen into the steel* (including trapping 
effects) 
• embrittlement process through different possible mechanisms 
when a critical hydrogen concentration has been reached (lattice 
interaction theory [27], lattice decohesion theory [28], or the 
nearly abandoned pressure theory [29])*  Depending on the theory 
* Bulk diffusion may or may not be important depending on whether 
embrittlement is regarded as a bulk or a surface phenomenon. 
-31- 
adopted, the fracture process is believed to take place at the 
crack tip (surface embrittlement model ) or in a region "near" 
the crack tip (bulk permeation model). 
Embrittlement by water vapor is believed to follow essentially the 
same steps, with only modifications regarding the details of the reactions 
at the surface.  Available information on the reaction of water vapor 
with clean metal surfaces (iron and steel surfaces in particular) will 
be summarized. A mechanism for stress corrosion cracking and corrosion 
fatigue of AISI U3*+0 steel in water vapor will be proposed. 
B.  Review of the Steel-Water Vapor Interaction 
Only a few facts concerning the steel-water vapor interaction are 
generally accepted in the pressure range studied: 
—ft 
• Almost instantaneously (if the pressure is above 10  torr), 
water vapor can be adsorbed on a clean iron surface and undergo 
dissociation, producing an oxidation of that surface and libera- 
tion of gaseous hydrogen [33,3*0 
• Water vapor can be adsorbed on an iron surface previously covered 
with an oxide layer.  In that case, liberation of hydrogen is 
not observed indicating the absence of dissociation reaction [35] • 
Chang and Wade [33] proposed the following reaction steps for the reac- 
tion of water vapor with iron: 
(H„0) + Fe-Fe-Fe —*• Ho0 . . . Fe-Fe-Fe 2 g <c— 2 
HO . . . Fe-Fe-Fe->H0-Fe-Fe-Fe + 1/2 H 
OH-Fe-Fe-Fe _>Fe-0-Fe-Fe + 1/2 H 
HJ3 + Fe-0-Fe-Fe —=*■ HJ3 . . . Fe-0-Fe-Fe 2 x— 2 
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The dotted lines refer to physical bonding and the dash lines refer 
to chemical "bonding. 
Simmons and Wei [36], in the more general case of a diatomic gas, 
G , represent the gas-metal surface reactions in the following way: 
desorption G 
t 
G    + metal  surface   (M)—^physical adsorption M  ...   G 
I 
chemisorption 2(MG) 
These observations indicate that hydrogen is produced by water 
vapor-metal surface reaction, and that the production of hydrogen 
requires interaction with a clean (unoxidized) metal surface.  These 
surface reaction steps need to be considered, along with the hydrogen 
transport steps following chemisorption, in determining the rate limiting 
process for embrittlement and the crack growth response in corrosion 
fatigue. 
C.  Hydrogen as the Damaging Specie in Water Vapor 
The experimental observations that suggested hydrogen embrittlement 
as the plausible mechanism for enhancement of crack growth by water 
(paragraph VI-A) cannot be applied directly to the case of water vapor. 
However, evidences specific to the water vapor case lead to a similar 
conclusion: 
• Through a surface reaction, oxygen and hydrogen are made avail- 
able to the steel (paragraph VI-B) 
• Oxygen per se does not produce embrittlement [30], whereas 
hydrogen produces embrittlement [9,17,28] . 
• In both hydrogen and water vapor induced subcritical crack 
growth, as little as 0.6%  oxygen is sufficient to terminate 
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crack growth essentially instantaneously or prevent initiation 
of a crack [30].  This is consistent with the preferential 
adsorption of oxygen [2^,37,38] and suggests that the water 
vapor-metal reaction must take place before the embrittlement 
process can begin 
• Electrochemical mechanisms are not permissible since one is 
dealing with gaseous environments. 
These four evidences suggest that, like in the case of water, hydro- 
gen is the damaging agent in water vapor. 
D.  Proposed Mechanism 
1.  AISI ^3^0 Steel-Water Vapor Interaction 
The Chang and Wade model is modified to take in account the fact 
that a chemisorbed hydrogen atom can diffuse into the steel, as well as 
being released in the gas phase.  This is of particular importance at 
the crack tip where the high values of the strains increase greatly the 
probability of such diffusion.  Then, the following steps are considered 
(the dotted lines refer to physical bonding and the dashed lines refer 
to chemical bonding). 
(a) Adsorption of the water molecule as a mobile precursor 
onto the clean surface (with possible desorption): 
HO + Fe-Fe-Fe ~^ HO . . . Fe-Fe-Fe 
(b) Dissociative  chemisorption of the water molecule: 
H 
0    H 
I      I 
HO   .   .   .   Fe-Fe-Fe-  —> -Fe-Fe-Fe- 
H 
OH 0     H    H. 
II III 
and    -Fe-Fe-Fe ^ Fe-Fe-Fe- 
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(c) Partial desorption of hydrogen: 
0 H H H 
III I 
-Fe-Fe-Fe —> -Fe-O-Fe- + 1/2 H 
(d) Partial hydrogen entry into the near-surface region of 
the steel: 
0 H H       H 
III        I 
-Fe-Fe-Fe > -Fe-O-Fe- + H,  _, x (sol) 
(e) Diffusion of hydrogen atoms into the steel (including 
trapping effects).* 
(f) Embrittlement through interactions with the atoms at the 
crack tip (surface emhrittlement model) or in a region 
near the crack tip (hulk permeation model). 
Adsorption (Step a) and dissociation (Step b) are shown to be 
nearly instantaneous in the range of water vapor pressure studied 
(above 10  torr) [2^].  Oxidation and hydrogen desorption (Step c) or 
oxidation and hydrogen entry (Step d) probably take place simultaneously 
in different proportion.  The relative importance of these processes 
probably determines the crack growth behavior. 
The first steps of the total reaction being very fast, in a very 
short time, the three following products are obtained:  gaseous hydrogen 
in the atmosphere, an oxide monolayer covering the surface, and atomic 
hydrogen in solution in the metal lattice and in the trapping sites. 
If no more fresh surface is available, the reaction stops.  Indeed, more 
water molecules can be adsorbed on the oxide monolayer but no dissociation 
* Bulk diffusion may or may not be important depending on whether 
embrittlement is regarded as a bulk or a surface phenomenon. 
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reaction will occur [3*0; and the oxide layer is an effective barrier to 
the entry of previously desorbed gaseous hydrogen [38].  For the reaction 
to proceed, fresh surface must be continuously created by way of 
mechanical extension of the crack, either by creep-induced crack growth 
or by fatigue crack growth. 
The overall behavior of a crack is then believed to be related to 
the relative importance of the different competitive processes (creation 
of fresh surface, adsorption of water molecules, dissociative cherai- 
sorption, desorption of water molecules or hydrogen atoms, diffusion of 
hydrogen atoms), as a function of the experimental parameters. 
2.  Crack Growth under Sustained Load 
Under sustained load  in a water vapor atmosphere (without 
condensation) it is proposed that the process of stress corrosion 
cracking proceeds as follows: 
• Below KT   :  Upon loading, a small amount of fresh surface Iscc 
is created.  Some atomic hydrogen is produced and diffuses 
into the steel.  Concurrently, an oxide layer is formed, 
thus preventing the further production of hydrogen at the 
surface.  The crack does not propagate because the mechanical 
driving force is too low to drive the crack through the only 
partially damaged material and because no more fresh surface, 
therefore no more hydrogen, is available. 
• Above KT   :  The creep phenomenon is powerful enough to 
insure the continuous creation of a new surface.  The creep 
rate is very slow but sufficient to provide a continuous 
source of hydrogen through the reactions previously described. 
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This allows the hydrogen concentration to reach its critical 
value at the fracture process zone.  Driven "by the mechanical 
force, the crack can then propagate through the region of 
embrittled material. 
This is consistent with the phenomenological observation of crack 
growth behavior in water vapor above BL_   : that is, periods of very Iscc 
slow growth followed by sudden jumps.  The slow growth rate is about 10 
in/min. (2.5 x 10  cm/min); this is the order of magnitude of a creep- 
1/2 induced propagation rate at this K-level (around 50 ksi-in   or 55 
MN/m   ).   During this initial period, hydrogen is produced and supplied 
to the region where the embrittlement process takes place until the 
critical concentration is reached.  The crack propagates suddenly until 
it reaches an undamaged region — then the process repeats itself. 
The fact that the jumps are of a fairly constant length (0.01 + 
0.002 in.) suggests that hydrogen reaches the critical concentration in 
an entire region of relatively constant size.  The plastic zone has this 
size consistency requirement at a given K.  Furthermore, it is well 
recognized that hydrogen, under the effect of trapping tends to segregate 
at preferred sites [39] ahead of the crack tip.  The plastic zone is a 
logical location for a high concentration of these trapping sites.  There- 
fore, it is suggested that the concentration of hydrogen reaches its 
critical value at different places all over the plastic zone and that, 
at every jump, the crack propagates roughly from one side to the other 
side of this zone. 
This idea is consistent with a rough calculation of the plastic zone 
size using Irwin formulation[Uo]: 
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1   KI 2 
r = plastic zone size 
P 
K = stress intensity factor 
a      = yield strength (about 200 ksi in the present case), 
ys 
This leads to a plastic zone size of about 0.007 in.(0.0l8 cm) for K = 
l/2        3/2 50 ksi-in   (55 MN/m   ) which compares well with the length of the 
crack jumps(0.01 in.or 0.025 cm). 
This explanation giv~~ a quite new meaning to the usual concept of 
"apparent threshold".  It was usually considered as the minimum mechani- 
cal driving force necessary for the crack to propagate through the 
embrittled material.  In the present case, K_   appears more like the 
Iscc 
minimum mechanical driving force necessary to produce the embrittlement 
itself (through creep growth).  In other words, if the material could be 
embrittled by other means, the minimum K at which the crack would grow 
through it would probably be lower than the observed K 
3.  Fatigue Crack Growth below K_ Iscc 
(a) Mechanism 
Obviously, no special explanation is needed for the influ- 
ence of water vapor on fatigue crack growth below K    since, for 
fatigue in water vapor, the apparent threshold described previously 
no longer exists.  Indeed, the stress corrosion cracking threshold was 
the minimum mechanical driving force required to continuously produce 
fresh surface by creep such that sufficient amounts of hydrogen could be 
made available to the fracture process zone.  Under cyclic loading, fresh 
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surface is created by the fatigue mechanism at a sufficient rate to sup- 
ply all the hydrogen needed to "feed" the embrittlement process and the 
very reason of existence of the observed threshold does not hold anymore. 
It is believed that the loading and environmental variables affect 
fatigue crack growth by giving more or less importance to the different 
competitive processes taking place at or near the crack tip as discussed 
in paragraph VI-D-1.  Following this hypothesis, explanations for the 
influence of relevant parameters are proposed in the next paragraphs, 
(b)  Influence of Frequency 
It was observed that th^ environmental effect in h.k  torr 
of water vapor was minimum at low (below 0.5 Hz) and high (above 5 Hz) 
frequencies and exhibited a maximum for a frequency close to 1 Hz.  It 
is suggested that variation in frequency affects the crack growth rate 
by changing the relative importance of the competitive processes des- 
cribed previously, mainly the creation of new surfaces (consequently, 
the rate of production of hydrogen) and the hydrogen diffusion into the 
material. 
The inert environment fatigue crack growth rates, for a given AK and 
R, are about the same at all frequencies investigated.  This fact sug- 
gests that the rate of creation of fresh surfaces (per cycle) by the 
mechanical process of fatigue is not dependent on frequency.  In other 
words, the amount of fresh surface created during a given load cycle is 
the same, regardless of the time that is required to complete that cycle. 
However, several of the processes involving the environment are likely to 
develop more or less extensively during a cycle depending on the time 
available, as explained next. 
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At high frequencies (5-10 Hz), the duration of a cycle is very- 
short.  Before the loading period ends, the hydrogen (supposing it had 
enough time to be produced) does not have time to diffuse very far; at 
least not as far as the crack has already been driven by the mechanical 
process of fatigue.  In other words, the damaged region does not expand 
as fast as the crack propagates.  Therefore, the crack propagates mostly 
through undamaged material and very little environmental effect is 
observed.  If the frequency is lower, more time is available during a 
cycle for the hydrogen to diffuse and the embrittled region to develop. 
Then, before the loading period ends, the crack propagates through 
embrittled material and environmental effect is observed.  At very low 
frequencies (0.5-0.1 Hz), the decrease in environmental effect can be 
again related to hydrogen diffusion.  It is suggested that during a long 
unloading period, the hydrogen which previously entered into the steel 
has enough time to diffuse away.  In that case, a sort of reversion of 
the damaging  process would occur, leaving the material partially 
"healed" in front of the crack. 
(c)  Influence of Wave Form 
1 /? "3/2 
For AK = 18 ksi-in '  (19-8 MN/m  ), no difference was 
observed between square and sinusoidal wave forms. This suggests that, 
at this AK-level, the different competitive processes previously des- 
cribed are not affected by variation in the loading profile.  This was 
already known for the creation of new surface by the mechanical process 
of fatigue and can be assumed for the environment-steel interactions. 
This is, however, in disagreement with results obtained by Barsom in 
salt water [U] for similar AK.  In that case, sinusoidal wave form was 
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found to give faster growth rates than square wave form. 
At AK = 13 ksi-in '  (lU. 3 MN/m /2) in ii.U torr of water vapor 
(about 20$ relative humidity at room temperature), faster growth rates 
are obtained under a square cyclic loading profile.  However, the scatter 
of the results suggests some experimental difficulty.  Although not 
totally convincing, capillary condensation at the crack tip appears to be 
the most satisfactory explanation.  If it occurred, the crack would be 
propagating in liquid water and part of the loading cycle would be above 
1/2 the apparent threshold (which can be as low as 13.5 ksi-in   or lU.8 
3/2 MN/m   in water).  Stress corrosion cracking would then take place during 
all the constant load portion of the square cycle and the square wave 
form would then give faster growth rates, in agreement with other 
observations done above KT   [3]-  However, why capillary condensation 
1/2 1/2 
would have occurred at AK = 13 ksi-in   and not at AK = 18 ksi-in   is 
not clear (see Appendix C).  Additional studies are needed to clarify 
this point. j\ 
(d)  Influence of Temperature 
It has been observed that an increase in temperature pro- 
duces a decrease in environmental effect.  It is suggested that this 
variation is due to an acceleration of the desorption process, a con- 
sequence of the temperature rise.  Indeed, once it has been physically 
adsorbed as a mobile precursor, the water vapor molecule needs some 
time before finding a site where it can undergo dissociative chemisorp- 
tion.  If the desorption process is accelerated, more water vapor mole- 
cules    desorb  before having a chance to dissociate, thereby reducing 
the production of hydrogen.  Chemisorbed hydrogen atoms can also 
desorb  before they enter into the steel.  Once in the gas phase, the 
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oxide layer prevents them from getting back into the metal.  By increasing 
the temperature, one accelerates the desorption of these two species 
and, therefore, reduces the supply of hydrogen to the fracture process 
zone. 
These observations and interpretations are similar to those reported 
for other alloy-gaseous environment systems [9,^0]. 
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VII.  CONCLUSION 
A.   Summary 
The main results of this study are summarized in the next three 
sections. 
1. Stress Corrosion Cracking in Water Vapor 
(a) Water vapor can induce subcritical crack growth in AISI 
l+3>+0 Steel. 
(b) The apparent threshold stress intensity factor for stress 
corrosion cracking of AISI h3h0  steel in water vapor is of 
1/2 3/2 the order of 50 ksi-in   or 55 MN/m   (in the absence 
of condensation). 
(c) Above the apparent threshold (in the absence of conden- 
sation), the crack propagates by jumps separated by 
periods of very slow growth. 
(d) The growth behavior of a crack is similar at different 
water vapor pressures, from 0.5 torr to about 5 torr. 
(e) Above 8 torr (Uo% relative humidity at test temperature), 
the crack grows steadily.  Its behavior is qualitatively 
and quantitatively similar to that observed in liquid 
water.  This  suggests that capillary condensation occurs 
at the crack tip at water vapor pressures above 8 torr. 
2. Corrosion Fatigue Below KT   in Water Vapor Iscc  
(a) Fatigue crack growth is accelerated by k.k  torr of water 
vapor when the stress intensity factor remains below the 
apparent threshold (KT   ). Iscc 
(b) The environmental effect is frequency dependent.  It is 
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minimum above 5 Hz and below 0.5 Hz and reaches a maxi- 
mum around 1 Hz. 
(c) The environmental effect is not dependent on the form of 
1/2 the cyclic loading profile at AK = 18 ksi-in   (19.8 
MN/ni  ).  At AK = 13 ksi-in1'2 (1*1.3 MN/m3^2), the 
environmental effect was found to be larger with a square 
wave form than with a sinusoidal one. 
(d) The environmental effect is temperature dependent.  It 
is larger at 2k  C than at 56 C. 
3-  Mechanism 
It is suggested that water vapor molecules are first physically 
adsorbed, then, upon finding an appropriate site, undergo dissociative 
chemisorption.  The resulting hydrogen atoms can either desorb, or enter 
into the steel to produce embrittlement.  The response of the crack to 
variations in loading and environmental parameters is believed to be the 
results of variations in the relative importance of the different com- 
petitive processes occurring at or near the crack tip; that is, creation 
of new crack surface, adsorption, chemisorption, desorption, diffusion 
and embrittlement reaction. 
B.   Suggested Direction for Future Research 
Since it has been established that the apparent threshold (iC.   ) for 
Iscc 
AISI 1*3^0 steel in water vapor is around 50 ksi-in   (55 MN/m  ), 
higher AK than those used in the present study should be used.  This 
would decrease the uncertainty on the growth rates by decreasing the 
dependency of the rates on small variations in AK.  More static tests 
are needed to provide a more complete quantitative study of stress 
-44- 
corrosion cracking in water vapor.  The influence of temperature and of 
water vapor pressure on both corrosion fatigue below K    and stress 
corrosion cracking needs to be investigated more extensively.  The 
investigation of wave form effect in corrosion fatigue below KT   should Iscc 
also be carried on further.  Performing tests under "skewed-square" 
cyclic loading profile as suggested by Barsom [h]   should prove to be 
useful, particularly for assessing if capillary condensation occurs. 
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Figure k:     Cyclic Loading Profiles (or "Wave Forms") 
Used in this Study 
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Figure 5:  Crack Front Geometry and Related Parameters 
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Figure 8:  MDCB Specimen and the Environment Chamber 
(Assembled) 
Figure 9:  MDCB Specimen and the Environment Chamber 
(Disassembled) 
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Figure 10: WOL Specimen and the Environment Chamber (Assembled) 
, -i!i 
Figure 11: WOL Specimen and the 
Environment Chamber 
(Disassembled) 
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Figure 20:  Normalized Compliance versus Crack Length as Computed 
"by the Finite Elements Method 
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TABLE U 
Steady State Crack Growth Rate under Static Load in Distilled Water 
da/dt (in./min. )  
K(ksi-in1/2)  at 0°C at 26°C    at 50°C    at TO°C    at 90°C 
16      8.8 x 10"5          2.2 x 10   1.2 x 10~U  U.3 x 10_1+ 
18 2.1 x 10"  5.U x 10"5  5.U x 10"  3.2 x 10"  3.7 x 10~3 
-h 
18.5             8.5 x 10 
19              1.1 x 10~3    —              T.lii 10~3 
20 3-1 x 10"  2.U x 10"3 2.3 x 10~2 3.0 x 10"2      
22                          —     3.1 x 10"2 
2h 7-5 x 10" 6.6  x 10"3 3.8 x 10"2 6.U x 10~2 l.U x io_1 
26 1.1 x 10~3         ' 2.2 x 10~2 J.ltx 10~2      
28 1.1 x 10"3 6.9 x 10-3 
30 l.U x 10-3 
32 1.9 x 10-3 1.3 x 10~2 
36 2.8 x 10~3 
UO      2.3 x 10 3 
-64- 
TABLE 5 
1/2 Fatigue Crack Growth Rates in Dry Argon for AK = 13 ksi-in 
(lU.3 MN/m  ); R = 0.1; temperature = 2U°C 
Aa/AN (10  in./cycle)  
Frequency (Hz)     Square Wave     Sinusoidal Wave 
1 0.71 0.60 
2  0.68 
h  0.86 
8  0.78 
TABLE 6 
Fatigue Crack Growth Rates in Dry Argon for AK = 18 ksi-in ,1/2 
(19.8 MN/m 3/2h R = 0.1; temperature = 2U°C 
Aa/AN (10' -6 in./cycle) 
Frequency (Hz) Square Wave Sinusoidal Wave 
1 2.3 2.9 
2   2.7 
k __—_ 2.1+ 
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TABLE 7 
Fatigue Crack Growth Rates in h.k  Torr of Water Vapor 
AK = 13 ksi-in1/2 (lU.3 MN/m3/2); R = 0.1; temperature = 2Uoc 
 Aa/AN (10  in./cycle)  
Frequency (Hz)  Sinusoidal Wave Square Wave Pos. Sawtooth Neg. Sawtooth 
0.25   2.2   
O.k   1.5   
0.5   9-3   
0.75 1.5 5.J 0.7 
1.0 2.5 U.o 2.5 
1.5 2.6 —   
2.0 2.9 3.1* 1.8 
3.0 1.7   — 
U.O 1.1* 2.3 •1.6 
10.0 1.0   
1.1 
■l.k 
1.6 
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TABLE 8 
Fatigue Crack Growth Rates in k.k  Torr of Water Vapor 
AK = 18 ksi-in 2 (19.8 MN/m3'2); R = 0.1; temperature = 2U°C 
Aa/AN (10  in./cycle) 
Frequency (Hz) Sinusoidal Wave Square Wave 
0.5 3.7 . 3.6 
1.0 6.k 6.8 
2.0 U.2 k.l 
U.O 3-2 M , M, 
TABLE 9 
Fatigue Crack Growth Rates in k.k  Torr of Water Vapor 
AK = 13 ksi-in1/2 (lU-3 MN/m3/2); R = 0.1; temperature = 56°C 
Aa/AN (10  in./cycle) 
Frequency (Hz)  Sinusoidal Wave Square Wave Pos. Sawtooth Neg. Sawtooth 
0,5 1.6 1.2        0.87   
1.0 l.k l.l       l.U 0.9k 
2.0 1.1+          0.98 0.81+ 
U.O 0.81+            
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APPENDIX A 
Data Processing and Error Analysis 
I.   Potential System Calibration 
The data (normalized potential V* versus crack length a) obtained as 
explained in paragraph II-D-2 were fitted by a second degree polynomial 
using a computerized polynomial regression method (program BMD05R 
from [U2]).  One remarkable aspect of the results is the nearly total 
absence of scatter.  In fact, in the useful range (1.5 to 2.5 in.), 
the data are so close to a straight line that a linear regression 
(fitting by a straight line) gives in all calibration tests, a correla- 
tion coefficient of better than 0.995-  At this point, it is useful to 
recall the following tvo points:  (l) in the MDCB specimen (provided 
that the crack is not too long), the stress intensity factor is indepen- 
dent of the crack length.  Therefore, only increments and not absolute 
values of the crack length are significant in the measuring of crack 
growth rates;  (2) as it has been said previously, the relationship 
between crack length and potential, although taken as a second degree 
polynomial for greater accuracy, is extremely close to a straight line - 
in other words, increments of crack length are almost directly propor- 
tional to increments of potential.  These two facts suggest that any 
systematic error in the crack measuring system would have very little 
influence on the results.  The near absence of random error coupled with 
the insensitivity to systematic error makes the system MDCB specimen- 
electrical potential method a first choice tool for experimental work in 
fracture mechanics. 
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As it will be shown in the next paragraph, errors due to the original 
calibration of the crack measuring system are far exceeded by errors 
occurring in the tests themselves. 
II.  Crack Growth Rate Measurements 
A.   Data Processing 
Crack growth results appear as a recording of potential versus 
time.  On each curve, twenty to forty points were taken at regular time 
intervals.  These potential-time pairs were used as data in a specially 
designed program for determining growth rates using the "moving strip 
method" [^3].  Using the calibration relation, the potential was first 
transformed into crack length.  A second degree polynomial was then 
fitted through the seven first points using a polynomial regression 
method.  Its derivative was computed at the middle (fourth) point, thus 
providing the crack growth rate  (TTT)  a^ "the fourth point of the curve. 
This procedure was repeated with the next seven points (from 2  to 8  , 
rd     th As 
from 3  to 9   • - • ) whereby the crack growth rates  (TJ7) were com- 
puted at every point, except the first three and last three points.  By 
examining the plot of crack growth rate versus time, the results associ- 
ated with the initial nonsteady-state growth period were discarded. 
Those results that were judged to be part of the steady-state growth were 
used to calculate the mean value of the crack growth rate, standard 
deviation and 95% confidence interval.  The data were also subjected to 
a statistical (95%  confidence) test for time-independence.  Only those 
data that satisfied this test were retained as definitive results.  The 
confidence interval was generally smaller than + 5%-     But it represents 
only the fluctuation of the actual growth rate during one single test. 
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It does not represent the much larger variation found in the average 
growth rate from one test to another.  No statistical analysis of the 
reproducibility was possible because each test was peformed only two or 
three times.  Therefore, an analysis of the possible errors was necessary 
to estimate the uncertainty in the crack growth rates. 
B.   Sources of Error 
The error in crack growth rates due to errors in the calibration 
of the electrical potential system are negligible with respect to the 
errors occurring during the tests and data processing themselves (see 
paragraph I).  The main sources of possible experimental errors are: 
1. The uncertainty in the electrical potential measurement. 
2. The uncertainty in the frequency. 
3. The temperature drift. 
h.     The uncertainty in the stress intensity factor. 
All these possible sources of error will be quantitatively discussed 
in the next section (Uncertainty Analysis).  Another possible source of 
experimental error is the introduction of mode II and III in the mode of 
loading.  This type of error will not be discussed in the uncertainty 
analysis because it is believed to have been avoided in the present 
study.  However, it is necessary to be aware of the potential danger. 
Mode II and III were purposely introduced in a series of tests to study 
their influence on the fatigue crack growth rate.  This was done by mis- 
aligning the two grips on the testing machine.  With mode II or mode III, 
the crack growth rate was reduced, sometimes down to half the value mea- 
sured under mode I only.  The same slowing down effect was observed both 
in dry argon and water vapor. 
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C.  Uncertainty Analysis 
In this section, an attempt will be made to estimate the uncer- 
tainty in the growth rate caused by the different sources of possible 
experimental errors. 
The potential is read to + 0.2 yV.  By making the crack grow a suf- 
ficient amount, the resulting uncertainty in the growth rate is less than 
1%.     The frequency is kept to within 0.5% of the desired value.  This 
gives an equivalent possible error in the growth rate of 0.5%. 
A more important source of error is the temperature drift.  This 
affects the crack growth rate measurement in several ways:  (l) it changes 
the real growth rate itself; (2) it changes the resistivity of the 
material; and (3) it induces some thermocouple effects along the elec- 
trical potential measuring system.  The temperature drift was kept below 
0.5 C per hour during any given test.  Tests were performed and showed 
that a temperature drift of 0.5 C induces, in the potential recording, 
an apparent crack growth of less than 6 x 10  in.  This leads to a pos- 
sible error of less than 10  in/min (2.5 x 10  cm/min) in the growth 
rate, which is h%  in the worst case.  This uncertainty was considerably 
reduced by using a higher AK, thereby reducing the duration of the tests 
and, therefore, alleviating the effects of temperature drift. 
The uncertainty in the stress intensity factor is probably the main 
source of error.  As explained in paragraph II-B-l-a, the stress- 
intensity factor is evaluated using the following relation: 
if =   3^-9 
n 
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The coefficient 3^-9 comes from the compliance tests and can be 
subjected to an estimated maximum error of + 3%-     The specimen thickness 
B and the net specimen thickness B can be measured with sufficient 
n 
accuracy to be ignored as sources of error.  However, the actual crack 
width is sometimes different from B , when the crack deviates from the 
n 
desired plane of propagation at the bottom of the side grooves. An exami- 
nation of the broken specimens shows that a variation of 2%  in the crack 
width is possible.  (When the variation appeared larger, the corres- 
ponding test results were not used).  The 2%  variation translates to an 
uncertainty in K of 1%.     The testing machine maintains the load to the 
desired value with an accuracy better than 1%.     The uncertainty in K 
is assumed to be the sum of the maximum possible errors relative to each 
variable.  Combining the uncertainties in K-calibration, crack width and 
applied load leads to an uncertainty of 5%  in the stress intensity factor. 
It must be noted that 5%  is a conservative estimate since part of this 
possible error is expected to be systematic and, therefore, will not 
affect the qualitative results of this study.  By examining crack growth 
1/2 
rate results at AK = 13 and 18 ksi-in   it can be assumed that a 5% 
error in the stress intensity factor would yield a 20$ error in the crack 
growth rate. 
By adding all these possible sources of uncertainty (potential 
reading, frequency, temperature, and stress intensity factor), it is con- 
cluded that the crack growth rates are known to within + 25$. 
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APPENDIX B 
Finite Elements Method Applied to the MDCB Specimen 
I.  The Program 
The program (APES) used in this study was developed by L. N. 
Gifford [UU].  Its main purpose is to compute stresses, strains and other 
variables in an elastic structure under given loading conditions and 
displacement constraints.  This program uses the well-known finite ele- 
ments method but presents two features of particular interest.  First, 
the long-used constant-stress triangular element has been replaced by 
an isoparametric quadrilateral element having twelve nodal points (abbre- 
viated Quad-12).  This element can have straight or curved edges. 
Depending on the problem, one of the elements can replace (roughly) 50 
to 200 constant stress triangular elements and yield more accurate 
results.  One node of the Quad-12 element is worth at least 5 to 10 nodes 
of the triangular elements and the results are still more accurate. 
Simplifying further the use of the program, up to two thirds of the nodes 
may be automatically generated by the program itself. 
The second particular feature of this program is that it can solve 
problems involving sharp cracks.  This is accomplished by introducing a 
circular element centered at the crack tip.  In this special element, the 
displacement is assumed to be the singular part of the elasticity solution. 
This core element is joined along its perimeter to the conventional 
Quad-12 elements.  Mode I and mode II stress intensity factors can be 
calculated along with the displacements, strains and stresses at every 
node.  In the case of a symmetric problem, only half of the structure 
needs to be considered. 
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II.  APES Applied to the MDCB Specimen 
Since the problem was symmetric, only half of the specimen was con- 
sidered.  This half was divided in 18 elements and one core element 
centered at the crack tip, as shown in Figure 19 for a crack length of 
1.5 in. or 3.8 cm.  This grid pattern had 133 nodes, 10 of them "being on 
the core element.  The radius of the core element (r ) was 0.02 in. or 
o 
0.05 cm (1.3 to 0.8 %  of the crack length).  The basic dimension (h) of 
the Quad-12 elements surrounding the core element was 0.1 in. or 0.25 cm 
(— = 5).  The load was applied on one node, at the center of the actual 
r 
o 
loading hole.  The nodes to the right of the core element on the expected 
crack line (see Figure 19) were constrained against displacement in the 
y direction and the last of them was also constrained against displace- 
ment in the x direction (to eliminate rigid body motion).  Although the 
program APES can handle changes in thickness, it was found very difficult 
to model correctly the side groove.  Therefore, a specimen without groove 
was considered.  Obviously, this led to an important error on the stress 
intensity factor as computed by the program.* For that reason, the stress 
intensity factor directly calculated by the program was not used.  Instead, 
the displacement of the loading node computed by APES was used to complete 
a numerical K-calibration.  As explained in paragraph II-B-l-b (Equation 
2), K can be written as: 
1/2 
K -    
p
     rM  ac i 
(HB )1/2^/2      2  d(a/W) 
n 
dC The term — is the slope of the curve C versus a and is expected da 
to be independent of the crack length for the MDCB specimen.  Therefore, 
the program was run several times for different crack lengths (from 
* about 25%  higher than the experimental value. 
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1.5 in. to 2.5 in. or 3.8 cm to 6.35 cm).  The compliance was obtained 
by dividing the displacement of the loading node by the applied load. 
Figure 20 shows a plot of EBC versus a. The linearity is remarkable. 
* —1 A least square technique yields a slope of U89.8 in~ with a correlation 
coefficient better than 0.999!  This leads to the following K-load 
1 
relation: 
35.0 P K = 
(BB )l/2^/2 
n 
The dimensionless coefficient 35.0 compares well with the value (3^-9) 
found experimentally. 
Although the computed and the experimental values of the slope are 
almost the same, the ECB-versus-a curves do not superimpose (Figure 3 
and 20).  This suggests some systematic error in the compliance evalua- 
tion.  It is believed that the difference between the experimental curves 
themselves comes from slightly different positioning of the LVDT from one 
specimen to another.  The difference between experimental and computed 
results can have several origins.  First, in the computer program, the 
displacement of the loading point is actually calculated whereas, in the 
experimental calibration, the LVDT measured the displacement of some 
point of the grip holding the specimen. Rotation of the specimen arm 
would then make the difference. Also, the absence of side-groove and 
the assumption that the loading is concentrated at one node could produce 
the observed systematic error in the compliance. 
This finite element technique appears very promising and should 
prove to be extremely useful in the field of fracture mechanics. 
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APPENDIX C 
Capillary Condensation 
I.  Possibility of Capillary Condensation 
The possibility that capillary condensation occurs at a relative 
humidity lover than 100% has already been suggested as a reason for the 
similarity between results of static load crack growth at these humidity 
levels and in liquid water. Johnson and Willner [8] proposed that 
capillary condensation occurs at the crack tip when the relative humidity 
is higher than 60%  and that, in that case, the crack is effectively pro- 
pagating in a little "pool" of liquid.  Confirmation of this idea was 
found during the present study, in the static load tests in water vapor. 
Indeed, when the water vapor pressure was below 8 torr (^0% relative 
humidity at room temperature), the crack grew by jumps followed by 
periods of very slow growth.  But when the pressure reached 8 torr, the 
crack started growing continuously in a manner qualitatively and quanti- 
tatively consistent with results obtained in liquid water. 
In the present study, some phenomenological aspects of the crack 
growth in k.h  torr of water vapor (about 2.0%  relative humidity at room 
temperature) suggest that capillary condensation could have occurred at 
that pressure in the fatigue tests.  The first point is the extensive 
electrical shorting (described in paragraph V-C) in some of the square 
wave form tests.  The other point is that the frequency and wave form 
effects observed with AK = 13 ksi-in1'2 (lU.3 MN/m3'2) and K   = lU.5 
max 
1/2       3/2 ksi-in   (l6 MN/m  ) are similar to that observed in liquid water 
above K   .  Capillary condensation at the crack tip could be an 
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explanation of that similarity; indeed, if it occurred, the crack would 
effectively propagate in liquid vater, part of the loading cycle "being 
1/2 
eventually above K    (K    in water could "be as low as 13.5 ksi-in 
XSCC    XDCL 
3/2 
or lU.8 MN/m  ).  On the other hand, the "behavior of the crack at h.h 
1/2 torr water vapor under static loading (K_   of 50 ksi-in   or 55 MET/ Iscc 
o In 
m and propagation by "jumps") is totally incompatible with results 
obtained in liquid water. As it can be seen, a simple examination of 
the present results does not yield a definitive conclusion. 
Since capillary condensation at the crack tip has never been 
reported for such humidity levels (about 20$ relative humidity), it is 
necessary to verify that the assumption that condensation did occur at 
the crack tip is compatible with the present knowledge of capillarity 
phenomenons. 
II.  Crack Tip Radius Calculation 
The maximum crack tip radius p at which capillary condensation can 
occur in given conditions can be calculated, using the Kelvin relation 
[U5]: 
P   PRT 
o 
P = pressure of vapor in equilibrium with surface of curvature p 
P = pressure of vapor in equilibrium with flat surface 
V = molar volume 
Y = surface tension 
For a pressure of about 5 torr, at room temperature, the Kelvin 
-8 ° 
relationship gives a p of 3 x 10  in, (8.25 A).  This crack tip radius 
is very small and condensation appears unlikely.  However, the validity 
of the Kelvin equation decreases with p.  For water, radii equal to 30-80 
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times the calculated values are reported [U6]. This correction vould 
raise the maximum crack tip radius for condensation under the prescribed 
-6        ° 
conditions up to 2.6 x 10  in. (700 A).  This value is now of the order 
of magnitude of possible tip radii of real cracks. Therefore, there exists 
a possibility for capillary condensation to occur at these pressures and 
temperatures. 
III.  Tests in Saturated Argon 
An obvious way to determine if condensation had occurred or not in 
the tests was to perform experiments in which condensation would be pur- 
posely produced, and compare the results.  This was done by flowing argon 
fully saturated with water vapor through the chamber.  After insuring 
that condensation had occurred by observing crack growth under a constant 
1/2 (static)Kof 20 ksi-in.   , some fatigue tests were performed at AK = 
1/? 3/2 18 ksi-in '  (19-8 MN/m  ), R=0.1 and frequency = 1 and 0.5 Hz.  The 
growth rates were found to be 2 to 3 times higher than at k.k  torr. 
This leads to the conclusion that most of the results presented in 
this work have been effectively obtained in water vapor.  A few results 
are, however, subject to doubt.  In some cases, one growth rate was 
found to be much higher than the others measured in the same conditions 
(indeed, most of the results are average of several measurements done in 
the same conditions, at different times).  These results happen to be 
midway between the other measurements also performed at U.U torr and the 
value obtained with condensation (at 100% relative humidity).  For 
"safety," these measurements could be eliminated.  Elimination of these 
results, however, would not qualitatively change the results described 
previously. 
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IV.  Conclusion on Capillary Condensation 
Although it is "believed that most of the results presented in this 
study are effectively relevant to fatigue crack growth in water vapor, 
it is necessary to be aware of the potential danger.  Particularly, it 
must be noted that, in some environmental conditions, capillary condensa- 
tion may or may not occur depending, among others, on the K-level (which 
influences the crack tip radius).  Applied to the present study, this 
suggests that if condensation did not take place in the static tests 
performed from K = 20 ksi-in1/2 to 60 ksi-in1/2 (22 to 66  MN/m3'2), it 
still could have occurred in a fatigue test during the low load period 
when the crack tip radius was at its minimum.  The square wave loading 
case at low frequency is a strong "candidate" for that possibility and 
the idea that it did occur cannot be totally ruled out. 
Since the crack tip radius cannot be ascertained and the conditions 
for capillarity condensation to take place are not very clear, the mere 
examination of the experiment parameters cannot solve the problem. 
Methods for experimental verification must be devised and performed. 
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